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1. Introduction {#open201900285-sec-0001}
===============

With the development of emerging photocatalytic nanomaterials, photocatalysis is becoming a promising technique for application in a wide range of fields, such as environmental treatment, medicinal disinfection, CO~2~ reduction and H~2~ production.[1](#open201900285-bib-0001){ref-type="ref"}, [2](#open201900285-bib-0002){ref-type="ref"}, [3](#open201900285-bib-0003){ref-type="ref"} Especially, photocatalytic degradation of organic pollutants (e. g., organic dyes), and microbial disinfection received great attention due to the increasing exposure of these hazardous factors to the environment and to the human bodies.[4](#open201900285-bib-0004){ref-type="ref"}, [5](#open201900285-bib-0005){ref-type="ref"}, [6](#open201900285-bib-0006){ref-type="ref"}, [7](#open201900285-bib-0007){ref-type="ref"} It is a hot topic to design novel, high‐efficient convenient, and low‐cost photocatalysts for removal of these factors from the environment.

Semiconductor nanomaterials, such as TiO~2~ and ZnO, are the most studied photocatalysts.[8](#open201900285-bib-0008){ref-type="ref"}, [9](#open201900285-bib-0009){ref-type="ref"}, [10](#open201900285-bib-0010){ref-type="ref"} However, these traditional semiconductor photocatalysts have wide band gap and hence could only absorb UV for catalysis, limiting their practical application.[10](#open201900285-bib-0010){ref-type="ref"}, [11](#open201900285-bib-0011){ref-type="ref"}, [12](#open201900285-bib-0012){ref-type="ref"}, [13](#open201900285-bib-0013){ref-type="ref"} In contrast, Bismuth oxybromide (BiOBr), an important V‐VI‐VII ternary semiconductor, process high stability and suitable band gaps for utilization of visible light for photocatalysis, hence broad perspectives in practice.[14](#open201900285-bib-0014){ref-type="ref"}, [15](#open201900285-bib-0015){ref-type="ref"} Up to now, BiOBr nanomaterials with different morphologies (mainly nanosheets and nanoflowers) has been developed as the catalysts for pollutant degradation and microbial disinfection.[14](#open201900285-bib-0014){ref-type="ref"}, [16](#open201900285-bib-0016){ref-type="ref"}, [17](#open201900285-bib-0017){ref-type="ref"}, [18](#open201900285-bib-0018){ref-type="ref"}

Although BiOBr nanomaterials, together with other photocatalysts, have received intensive studies in their synthesis and optimization of photocatalytic efficiency, it remains a great challenge to easily recycle the photocatalysts from the environment.[19](#open201900285-bib-0019){ref-type="ref"}, [20](#open201900285-bib-0020){ref-type="ref"} The difficulty of recycling these nanomaterials lead not only to high cost of the photocatalysts, but also to a significant and annoying pollution problem of these agents as consequent health risks.[21](#open201900285-bib-0021){ref-type="ref"}, [22](#open201900285-bib-0022){ref-type="ref"}, [23](#open201900285-bib-0023){ref-type="ref"} Hence, it is urgent to construct easy‐recycling photocatalytic systems for practical application.

In this study, based on peroxydisulfate‐mediated polymerization reaction, we constructed a novel photocatalytic gel that was composed of BiOBr nanosheets and polyacrylamide gel (PAG), BiOBr\@PAG (Figure [1](#open201900285-fig-0001){ref-type="fig"}). The photocatalytic gel not only could be easily recycled from the water, but also displayed enhanced photocatalytic properties as compared to BiOBr nanaosheets alone during microbial disinfection and organic dye degradation, realizing rapid removal of both pathogenic bacteria and organic pollutants from the water solution. This study developed a novel strategy for preparation of easy‐recycling and high‐efficiency photocatalytic systems for practical application.

![Schematic illustration of construction and disinfection mechanism of the BiOBr\@PAG gel.](OPEN-8-1309-g001){#open201900285-fig-0001}

2. Results and Discussion {#open201900285-sec-0002}
=========================

2.1. Properties of the BiOBr\@PAG Photocatalytic Gel {#open201900285-sec-0003}
----------------------------------------------------

The prepared BiOBr nanosheets were characterized by SEM and XRD. SEM revealed that the nanosheet had normal sheet‐like morphology with a size ranging from 0.5 to 1 μm and an average thickness of about 20 nm (Figure S1A). XRD analysis showed that the nanosheets had regular XRD pattern which is consistent with standard spectrum of pure tetragonal phase BiOBr (Figure S1B).

The properties of the synthesized BiOBr\@PAG photocatalytic gel were shown in Figure [2](#open201900285-fig-0002){ref-type="fig"}. SEM observation revealed that the BiOBr nanosheets were equally distributed, and most of the nanosheets were partially embedded in the gel and had clustering morphology on the gel surface (Figure [2](#open201900285-fig-0002){ref-type="fig"}A). EDS mapping further showed that the presence of expected elements, i. e., Bi, O, Br, N, and S, on the surface of the gel (Figure [2](#open201900285-fig-0002){ref-type="fig"}B). FT‐IR spectrum demonstrated that the gel had representative groups, e. g., −CO−NH− (850 cm^−1^, 1615 cm^−1^, 3400 cm^−1^) and −CH~2~− (2920 cm^−1^) (Figure [2](#open201900285-fig-0002){ref-type="fig"}C). Thermogravimetric analysis further revealed that the weight of the dry gel gradually decreased ∼70 % during temperature increase from the room temperature to 420 °C, then suddenly decrease to 80 % at 420 °C to 430 °C, and lastly decrease to \<5% from 430 °C to 700 °C (Figure [2](#open201900285-fig-0002){ref-type="fig"}D). UV‐vis‐NIR diffuse reflection spectra (DRS) analysis further revealed that the BiOBr\@PAG gel had much stronger light absorption across the entire examined spectral region, especially in the UV and NIR regions (Figure [2](#open201900285-fig-0002){ref-type="fig"}E), indicating a potential application under irradiation of the UV or NIR light. Moreover, the gel could be easily isolated from the water simply by precipitation or by filtration as compared to the BiOBr nanosheets (Figure [3](#open201900285-fig-0003){ref-type="fig"}A, 3B), indicating easy recycling of the gel during practical application.

![Characterization of the constructed BiOBr\@PAG gel. (A) SEM images of the BiOBr\@PAG gel. (B) EDS mapping images. (C) FT‐IR spectrum. (D) Thermogravimetric analysis of the gel. (E) UV‐vis‐NIR DRS of BiOBr and BiOBr\@PAG gel.](OPEN-8-1309-g002){#open201900285-fig-0002}

![Residual ratio of BiOBr nanosheets and the BiOBr\@PAG gel in the water after filtration using filter papers.](OPEN-8-1309-g003){#open201900285-fig-0003}

In contrast, the BiOBr nanosheets had quite low disinfection ability, and only caused ∼50 % of decrease in cell viability (Figure [3](#open201900285-fig-0003){ref-type="fig"}A, 3B). This indicated that the gel had high‐efficient disinfection activity against different pathogenic microbes under irradiation, which may facilitate its application in prevention and treatment of pathogen pollutions.

2.2. Disinfection by the BiOBr\@PAG Photocatalytic Gel {#open201900285-sec-0004}
------------------------------------------------------

Disinfection is always an important issue involved in environmental pollution treatment, food industry and medical practice.[24](#open201900285-bib-0024){ref-type="ref"}, [25](#open201900285-bib-0025){ref-type="ref"}, [26](#open201900285-bib-0026){ref-type="ref"} Photocatalysis is a newly developing method of disinfection that has a great application potential.[27](#open201900285-bib-0027){ref-type="ref"}, [28](#open201900285-bib-0028){ref-type="ref"} We investigated the activity of the gel to kill several pathogenic bacteria, i. e., *Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus*. Under the dark condition, the BiOBr\@PAG gel, similar to BiOBr nanosheets, had no obvious antibacterial effect (Figure S2). However, under the irradiation, both the gel and the BiOBr nanosheets displayed obvious killing ability to all of the tested bacterial strains, and the gel had significantly higher killing ability than the nanosheets alone (\>98 % versus 35--50 %) (Figure [4](#open201900285-fig-0004){ref-type="fig"}A--4C). For example, the gel showed time‐dependent disinfection ability against *E. coli*, and led to almost 100 % cell death after 30 min of irradiation (Figure [4](#open201900285-fig-0004){ref-type="fig"}A, 4B).

![Disinfection of pathogenic bacteria by the BiOBr\@PAG gel under irradiation. (A) Images of *E. coli* colonies after treatment of BiOBr (100 mg/L) or BiOBr\@PAG (containing 100 mg/L BiOBr) with irradiation for 30 min. (B) Time‐dependent disinfection activity of BiOBr or BiOBr\@PAG against *E. coli*. (C) Disinfection activity of BiOBr or BiOBr\@PAG against *E. coli*, *P. aeruginosa*, and *S. aureus* under irradiation. \* indicates significant difference between the groups (*P*\<0.05).](OPEN-8-1309-g004){#open201900285-fig-0004}

2.3. Rapid and Good‐Cycling Disinfection by the BiOBr\@PAG Photocatalytic Gel {#open201900285-sec-0005}
-----------------------------------------------------------------------------

The disinfection ability was further investigated by changing the irradiation time and the concentration of the gel. The disinfection activity was enhanced by the increase in BiOBr concentration. While the BiOBr even at 200 mg/L only caused \<50 % decrease of cell viability, the BiOBr\@PAG gel at 100 mg/L or higher‐concentration of BiOBr led to almost thorough 100 % decrease (Figure [5](#open201900285-fig-0005){ref-type="fig"}A). Moreover, as the irradiation time increased, the cell viability gradually decreased under the treatment of the BiOBr nanosheets, and its content decreased by ∼30 % after 30 min of irradiation (Figure [5](#open201900285-fig-0005){ref-type="fig"}A). In contrast, cell viability rapidly reduced by ∼80 % in 20 min under treatment of the BiOBr\@PAG photocatalytic gel, and was almost thoroughly reduced 100 % after 30 min (Figure [5](#open201900285-fig-0005){ref-type="fig"}B).

![Concentration‐dependent (A), time‐dependent (B) and cycling ability (C, D) of disinfection caused by BiOBr nanosheets and BiOBr\@PAG gel. (A) Concentration‐dependent disinfection of *E. coli* cells. (B) Time‐dependent disinfection. (C) Cycling of BiOBr nanosheet‐catalyzed disinfection. (D) Cycling of BiOBr\@PAG gel‐catalyzed disinfection.](OPEN-8-1309-g005){#open201900285-fig-0005}

The cycling ability of disinfection of the BiOBr nanosheets and BiOBr\@PAG gel was further detected. Although the nanosheets alone showed low photoinduced disinfection activity during the repeatedly photocatalytic processes, the BiOBr nanosheets had good cycling stability, with the photocatalytic activity only slightly impaired after 5 times of cycling (Figure [5](#open201900285-fig-0005){ref-type="fig"}C). Similarly, the photocatalytic activity of the gel was only slightly impaired by increase of the cycling times. Even after 5 times of cycling, the gel could also realize almost no impaired ability of disinfection (Figure [5](#open201900285-fig-0005){ref-type="fig"}D). Together, the BiOBr\@PAG gel had much stronger and more disinfection activity than the BiOBr nanosheets alone, indicating an enhancement effect of gelation on photocatalytic ability of the nanosheets on the gel surface. Nevertheless, the photocatalytic activity of the gel was somewhat impaired after several times of recycling, indicating that the stability of the gel should be further enhanced by optimization of the construction components.

2.4. Severe Photoinduced Cell Death by the BiOBr\@PAG Gel {#open201900285-sec-0006}
---------------------------------------------------------

Photocatalytic disinfection is commonly associated with plasma membrane (PM) damage of the microbial cells and consequent cell death.[29](#open201900285-bib-0029){ref-type="ref"} Consistent with the results of cell viability assay, under the dark condition, both the gel and the BiOBr nanosheet did not cause obvious cell death (death rate \<2%) (Figure [6](#open201900285-fig-0006){ref-type="fig"}A, 6 C). In contrast, under the irradiation condition, the gel led to severe cell death than the BiOBr nanosheet alone (70 % versus 16 %) (Figure [6](#open201900285-fig-0006){ref-type="fig"}B, 6D). This indicated that the gel may cause severe PM damage‐related cell death under irradiation, and had much stronger photocatalytic disinfection activity than the BiOBr nanosheets.

![Cell death induced by the BiOBr nanosheets and BiOBr\@PAG gel. (A, B) Fluorescence microscopy images of the cells under dark (A) and irradiation (B) conditions. (C, D) Quantification of PI‐positive cells under dark (C) and irradiation (D) conditions. The same letters indicate no significant difference between the groups (*P*\<0.05).](OPEN-8-1309-g006){#open201900285-fig-0006}

2.5. Persulfate‐ and ROS‐Dependent Photocatalytic Activity of the BiOBr\@PAG Gel {#open201900285-sec-0007}
--------------------------------------------------------------------------------

It is interesting that the BiOBr\@PAG gel showed much stronger photocatalytic disinfection activity than the BiOBr nanosheets. We wondered if the presence of PAG or APS contributed to the enhancement of photocatalytic activity. Indeed, PAG alone and APS alone had high and equivalent activity of disinfection (Figure [7](#open201900285-fig-0007){ref-type="fig"}A). Therefore, the presence of APS in the PAG gel played an important role in the gel‐catalyzing process of dye degradation. Moreover, BiOBr nanosheets in combination of APS, similar to the BiOBr\@PAG gel, displayed higher ability of disinfection than BiOBr, PAG or APS alone (Figure [7](#open201900285-fig-0007){ref-type="fig"}A). This indicated that other mechanisms, besides the presence of APS, might also contribute to irradiation‐induced disinfection.

![Effect of components of the BiOBr\@PAG gel on viability (A), intracellular ROS levels (B), MDA levels (C), and effect of ROS scavengers on cell viability (D). The same letters indicate no significant difference between the groups (*P*\<0.05).](OPEN-8-1309-g007){#open201900285-fig-0007}

Considering that BiOBr is a photocatalyst, we proposed that photocatalysis may also be involved in the dye degradation. Since photocatalysis‐induced disinfection depends on photoinduced production of ROS, followed by lipid oxidation and generation of MDA, we determined intracellular ROS and MDA levels under irradiation. As expected, the cells treated by the gel had much higher levels of ROS (0.77‐fold higher) and MDA levels (2.2‐fold higher) than the BiOBr‐treated cells under irradiation (Figure [7](#open201900285-fig-0007){ref-type="fig"}B, 7 C). Similarly, PAG or APS could also induce increase in intracellular ROS levels, indicating that APS also contributed to ROS generation (Figure S3).

We then used the ROS scavengers (GSH and Vc) and the electron hole scavenger (KI) to investigate the role of ROS in disinfection.[30](#open201900285-bib-0030){ref-type="ref"}, [31](#open201900285-bib-0031){ref-type="ref"}, [32](#open201900285-bib-0032){ref-type="ref"} While the addition of KI had no impact on dye degradation, addition of GSH and Vc led to remarkable increase of cell viability from \<2% to \>60 % (Figure [7](#open201900285-fig-0007){ref-type="fig"}D), indicating that ROS scavengers, rather than electron hole scavenger, suppressed the gel‐catalyzed disinfection. Taken together, both persulfate and ROS contributed to the photocatalytic activity of the BiOBr\@PAG gel. Owing to the fact that the gel caused much higher ROS levels than BiOBr alone, we proposed that persulfate may lead to generation of intracellular ROS under irradiation of BiOBr, and both persulfate and BiOBr in synergy for enhancement of ROS production contributed to the higher disinfection ability of the gel than BiOBr nanosheets.

2.6. Rapid Degradation of Organic Dyes by the BiOBr\@PAG Photocatalytic Gel {#open201900285-sec-0008}
---------------------------------------------------------------------------

The photocatalytic ability of the prepared gel was further investigated during degradation of the organic dye brilliant green. As the irradiation time increased, the dye gradually degraded under the treatment of the BiOBr nanosheets, and its content decreased by ∼23 % after 10 min of irradiation (Figure [8](#open201900285-fig-0008){ref-type="fig"}A). Very interestingly, this dye rapidly reduced by ∼70 % in 1 min under treatment of the BiOBr\@PAG photocatalytic gel, and was almost thoroughly degraded after 10 min (Figure [8](#open201900285-fig-0008){ref-type="fig"}A). Moreover, dye degradation was enhanced by the increase in BiOBr concentration. While the BiOBr even at 200 mg/L only caused \<25 % of dye degradation, the BiOBr\@PAG gel at 50 mg/L or higher‐concentration of BiOBr led to almost thorough dye degradation (Figure [8](#open201900285-fig-0008){ref-type="fig"}B).

![Photocatalytic degradation of brilliant green by BiOBr nanosheets and BiOBr\@PAG gel. (A) Time‐dependent degradation of brilliant green. (B) Concentration‐dependent degradation. (C) Cycling of BiOBr nanosheet‐catalyzed degradation. (D) Cycling of BiOBr\@PAG gel‐catalyzed degradation.](OPEN-8-1309-g008){#open201900285-fig-0008}

The cycling ability of the BiOBr nanosheets and BiOBr\@PAG gel was further detected. Similar to the results of disinfection, the photocatalytic activity of the gel was not impaired by increase of the cycling times. Even after 5 times of cycling, the gel could also realize almost thorough dye degradation (Figure [8](#open201900285-fig-0008){ref-type="fig"}C, 8D). Moreover, both the gel and the nanosheets did not lead to decrease of dye concentration under dark condition, even after 10 min of adsorption time (Figure S4), excluding the role of adsorption in dye removal. In addition, the gel remained its normal volumes after the dye degradation (Figure S5). Taken together, these observations implied that the BiOBr\@PAG gel had much stronger photocatalytic activity than the BiOBr nanosheets alone.

The degradation ability of the gel was further tested during degradation of other representative organic dyes, including malachite green, methyl blue, crystal violet, and methyl orange. Similarly, while the irradiation had only little impact on dye degradation, the BiOBr alone enhanced dye degradation from 20--50 %. In contrast, the BiOBr\@PAG gel caused high‐efficient degradation of these dyes from 80 % to \>95 % (Figure [9](#open201900285-fig-0009){ref-type="fig"}A--9D). Therefore, the prepared gel also had strong photocatalytic activity during degradation of a wide range of organic dyes.

![Photocatalytic degradation of malachite green (A), methyl blue (B), crystal violet (C) and methyl orange (D) by the BiOBr\@PAG gel.](OPEN-8-1309-g009){#open201900285-fig-0009}

3. Conclusions {#open201900285-sec-0009}
==============

In summary, this study developed a novel photocatalytic gel with BiOBr nanosheets equally distributed on the surfaces of the PAG gel. The gel displays high‐efficient photocatalytic activity during disinfection of pathogenic bacteria and degradation of organic pollutants. The construction of this photocatalytic gel provides a novel strategy for development of easy‐to‐recycling and high‐efficient photocatalytic system for a wide range of applications, such as photodynamic therapy of pathogen‐related infections, environment pollution treatment and food preservation.

Experimental Section {#open201900285-sec-0010}
====================

Synthesis of BiOBr Nanosheets {#open201900285-sec-0011}
-----------------------------

The BiOBr nanosheets were synthesized by a hydrothermal method \[16\]. Briefly, 0.485 g of Bi(NO~3~)~3~ ⋅ 5H~2~O, 0.485 g of cetyltrimethylammonium bromide (CTAB), 20 mL of ethylene glycol and H~2~O were added to a 50‐mL Teflonlined stainless autoclave. The suspension was stirred magnetically for 30 min, and a white precipitate formed. Then the Teflonlined stainless autoclave was heated at 180 °C for 12 h. After cooling down to room temperature, the resulting precipitate was washed with distilled water and ethanol several times and dried at 60 °C for 6 h, obtaining the BiOBr nanosheets.

Preparation and Characterization of the BiOBr\@PAG Photocatalytic Gel {#open201900285-sec-0012}
---------------------------------------------------------------------

To obtain the BiOBr\@PAG photocatalytic gel, 10 mg of as‐synthesized BiOBr nanosheets were suspended in 1 mL of the distilled water and sonicated for 10 min. Meanwhile, 1.0 g of acrylamide and 0.035 g of bisacrylamide were dissolved in 9 mL of distilled water and stirred for 10 min. The BiOBr nanosheet suspension was then added into the acrylamide/bisacrylamide solution. After addition of 100 μL of 10 % ammonium peroxydisulfate (APS, W/V, prepared in distilled water) and 20 μL of N,N,N′,N′‐tetramethylethylenediamine, the mixture was plated on a glass dish for gelation, obtaining the BiOBr\@PAG photocatalytic gel. The gel was cut to cube‐like pieces for further use. Calculation revealed that the obtained wet gel contained ∼0.1 % (W/W) of BiOBr and ∼0.1 % (W/W) of APS. To characterize the prepared gel, the pieces were dehydrated with 100 % ethanol and dried at room‐temperature, and then examined by field‐emission scanning electron microscopy (FE‐SEM, SU8000, Hitachi), Fourier transformed infrared spectra (FT‐IR, Bio‐Rad, FTS6000, USA), and a thermogravimetric analyzer (TG‐DTA, Thermo plus EVO2, TG8121, Rigaku, Japan). The UV‐vis‐NIR DRS was taken on a Lambda 750 spectropho‐tometer (Perking Elmer).

The recycling properties of the BiOBr nanosheets and the BiOBr\@PAG gel were assessed in water by precipitation and by filtration methods. In precipitation method, the BiOBr nanosheets and the BiOBr\@PAG gel were suspended in distilled water at a final BiOBr concentration of 100 mg/L and vortexed for 2 min. The suspensions were then stood for 1 min, and the supernatants were adsorbed for determination of the optical density at 630 nm (OD~630~). In the filtration method, the vortexed suspensions were filtered by filtering papers, and OD~630~ of the filtrates were determined. The residual ratio of the materials was calculated by OD~630~ of the supernatants (or the filtrates) divided by the initial OD~630~.

Disinfection Assay {#open201900285-sec-0013}
------------------

To investigate the ability of the photocatalytic gel to kill the pathogenic bacteria, the clinically isolated strains, i. e., the *Escherichia coli* strain NE1, the *Pseudomonas aeruginosa* strain NP4, and the *Staphylococcus aureus* strain NS5, were used for disinfection assays. Briefly, the bacterial cells were overnight cultured in liquid Luria‐Bertani (LB) medium, washed and suspended in PBS buffer (pH 7.4) to a final concentration of 5×10^6^ cells/mL. BiOBr nanosheets or the BiOBr\@PAG photocatalytic gel were then added into the cell suspension to a final BiOBr concentration of 100 mg/L. The mixtures were irradiated or not by the xenon light (100 W, OSRAM, Germany) for 10 min, sampled, and 10‐fold gradient diluted for detection of colony formation unit (CFU) at LB plates.[33](#open201900285-bib-0033){ref-type="ref"} The percent of viability (% Viability) was calculated as the CFUs of the treatment divided by the CFUs of the control ×100 %.

Cell Death Assay {#open201900285-sec-0014}
----------------

To evaluate cell death caused by the BiOBr nanosheets or the BiOBr\@PAG gel, the cells were treated by the nanosheets of the gel at dark condition or at the irradiation condition for 30 min. The cells were then harvested and stained by propidium iodide (PI, 5 mg/L) for 5 min, and then examined by a fluorescence microscope (Olympus, Japan). The percent of PI‐positive cells were calculated.

Photocatalytic Cycling of Disinfection {#open201900285-sec-0015}
--------------------------------------

To detect the cycling ability of the gel in disinfection, the gel (final BiOBr concentration of 100 mg/L) was added into the *E. coli* suspension (5×10^6^ cells/mL), and then the mixture was irradiated for 30 min. The solution was then absorbed from the wells, and the *E. coli* suspension at the same concentration was added into the wells for further photocatalytic degradation. The degradation tests were repeated 5 times, and the percent of viability was calculated.

Investigation of Precursor Effect on Disinfection {#open201900285-sec-0016}
-------------------------------------------------

The gel precursors, including BiOBr, PAG, APS, BiOBr plus APS, were used for investigation of precursor effect. Briefly, BiOBr (100 mg/L), PAG (100 g/L), APS (100 mg/L), and BiOBr (100 mg/L) plus APS (100 mg/L) were added into the *E. coli* suspension. The mixtures were then irradiated by the xenon light for 30 min for detection of viability.

ROS Assay {#open201900285-sec-0017}
---------

To determine ROS levels of the *E. coli* cells, the treated cells were stained by DCFH‐DA (10 mg/L, Sigma, USA) for 40 min, and then washed twice by PBS buffer (pH 7.4). The fluorescent density (FLU, excitation wave 488 nm, emission wave 520 nm) was determined by a fluorescence microplate reader (PerkinElmer, USA). Cells were also counted using a hemocytometer. The relative fluorescence density of each sample was calculated as FLU divided by cell number to indicate intracellular ROS levels.

Malondialdehyde (MDA) Assays {#open201900285-sec-0018}
----------------------------

To detected the intracellular MDA levels, the cells were broken by heating at 98 °C for 20 min, and then the supernatants were isolated by centrifugation at 12,000 rpm for 10 min. The MDA levels of the supernatants were determined by the MDA assay kit (Nanjing Jiancheng Bioengineering Institute, China), and total protein contents were analyzed by Commassie protein assay reagents.

Scavenging of ROS or Electron Holes {#open201900285-sec-0019}
-----------------------------------

To examine the effect of scavengers of ROS or electron holes on gel‐caused disinfection, the BiOBr nanosheets or BiOBr\@PAG gel (final BiOBr concentration of 100 mg/L) were added into the *E. coli* suspension, and then the scavengers of reactive oxygen species (ROS), i. e., glutathione (GSH, 2 mM), vitamin C (Vc, 2 mM), or the scavenger of electron holes KI (20 mg/L) was added. The mixtures were then irradiated by the xenon light for 10 min, and the viability was detected.

Dye Degradation Assay {#open201900285-sec-0020}
---------------------

The photocatalytic activity of as‐synthesized BiOBr nanosheets and BiOBr\@PAG gel to degrade organic dyes, including brilliant green, malachite green, methyl blue, crystal violet, and methyl orange, were examined in water solvent. Firstly, the organic dyes were dissolved in distilled water to a final concentration of 20 mg/L. The BiOBr nanosheets or BiOBr\@PAG gel were added into the solutions to a final BiOBr concentration of 100 mg/L or 0∼200 mg/L. The mixtures were then irradiated by a xenon light (100 W, OSRAM, Germany) and samples at different time points in 0∼10 min. The OD630 for brilliant green, malachite green and methyl blue, OD~600~ for crystal violet, and OD~490~ for methyl orange were detected by a UV/Vis spectrometer (SmartSpec Plus, BioRad, USA). The value C/C~0~ was calculated as the optical density of the samples irradiated by the light for different time divided by the optical density of the samples at 0 min.
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